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AbstractA numerical study of conical projectiles for perpendicular impact on a thin steel plate is reported. The target material
considered, Weldox 460 E steel, is frequently used for this kind of application and several results of experiments are avail
able in the international literature to verify numerical simulations. The Johnson Cook constitutive relation coupled with
the Johnson Cook failure criterion have been applied to analyse penetration of the target and also the failure process. The
analysis has been focussed on the influence of the projectile diameter on the perforation process, assuming the same
projectile mass. The aim was to preserve the same initial kinetic energy and identical nose angle. The goal is to estimate
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1. Introduction
High-velocity impact behaviour of metallic plates by a rigid body has been
mainly due to large interest for ballistic applications [1 4]. Additionally, th
industrial processes, as in fast cutting by punch-plate to reduce production t
subject are available in the literature, and comprehensive reviews can be fou
Goldsmith [5], Corbett et al. [6] and Zukas et al. [7,8], dealing with several feaFor this kind of configuration like impact of projectile on a plate, typically metal metal arrangement, the
projectile-nose shape determines the failure mode and strongly affects the amount of energy absorbed by the
lowest impact velocity leading to
1plate [9 13]. Particularly important efforts have been made to estimate the
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the complete perforation of the target corresponding to different projectile-plate configurations. This value of
impact velocity is known as ballistic limit [8].
Thus, it is known that application of cylindrical projectiles having flat faces causes the perforation via adi-
abatic shear-band propagation, inducing a plug ejection as the final stage [9,10,13 15], and reducing the value
of ballistic limit. On the contrary, a complete perforation of plates appears by ductile hole enlargement and
petalling. This occurs when ogival, conical, or hemispherical projectiles are used [13,16 20].
During perforation process by rigid conical projectiles, the target material is tear away by projectile move-
ment. The nose surface is in frictional contact with the target, inducing an additional energy dissipation, which
can affect the results obtained, for example [13]. However, bending effect and compressive stresses predomi-
nate during penetration. This mode of penetration produces a larger plastic flow zone affected by impact
and the plastic work is higher in comparison with cylindrical projectile [13]. Such kind of penetration process
appears to be more efficient for perforating the target at high initial impact velocity but it results in higher
values for the ballistic limit, [9,10,13].
The penetration process of metals depends substantially on the local strain hardening rate, dr=dep, strain
rate, _ep and temperature, T. Therefore, in order to analyse a complete behaviour of the target, it requires a
constitutive relation which takes these variables into account. Several constitutive relations can be found in
the international literature, which are adequate to approximate visco-plastic behaviour of steels under
dynamic and complex state of stress [21 28]. A more general analysis concerning this topic can be found in
the works of Liang and Khan [29] and Rusinek et al. [30]. In the present work the Johnson Cook constitutive
equation r ep; _ep; T
 
[25], which is widely used to calculate dynamic events, for example [11 13,31], has been
used to analyse the target behaviour. In addition, the Johnson Cook failure criterion, epf _e
p; T
 
[32], has been
coupled with the Johnson Cook constitutive relation for a complete description of the problem. However,
high-velocity impact on plates is complex in terms of numerical approach. Frequently, numerical-convergence
ojectiles are used [10,13], prevent-
y an adaptive mesh algorithm, as
to simulate perpendicular impact
. The conical nose shape of the
Nomenclature
Vbl ballistic limit
V0 initial impact velocity
Kp initial kinetic energy
Lp length projectile shank diameter
DKp loss of kinetic energy by the projectile
Tmax maximum temperature
H nose angle
Ac nose area
l nose length
k plate hole diameter after impact process
Dp projectile diameter
d projectile displacement
Mp projectile mass
Lp projectile total length
V projectile velocity
Vr residual velocity
d target diameter
h target thickness
T temperature
t time
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2problems arise due to excessive element distortion, especially when conical pr
ing a complete time calculation. The convergence problem can be reduced b
reported elsewhere [10 13].
In this work the FE commercial code, ABAQUS/Explicit has been used
with different conical projectile diameters on a Weldox 460 E steel plate
projectiles is commonly used in ballistic applications, Fig. 1a. This figure illustrates a 0.5 NATO projectile
with a mass of 25 g steel core, and ratio length/diameter, Lp/Dp 4.3. The numerical model that was intro-
duced in the FE Code has been validated using experimental data reported by Borvik et al. [9]. The experi-
mental arrangement is shown in Fig. 1b. The simulations have been carried out for a wide range of impact
velocity: 265 m/s 6 V0 6 600 m/s. The calibre of the projectile has been changed while keeping a constant pro-
jectile mass,Mp and nose angle H. It was then possible to evaluate the influence of the projectile diameter, and
therefore the nose area, on the ballistic limit, the residual velocity, and the plastic work. A linear relationship
between the ballistic limit and the projectile diameter is proposed in a general form: Vbl / Dp.
The analysis performed leads to several conclusions on mechanical behaviour of the metallic plates loaded
by a normal impact and materials studied in dynamic applications [9,10,13,33,34].
2. Target material
Weldox 460 E steel is a thermo-mechanically rolled ferritic structural steel offering high strength combined
with a high ductility [9,14,33,34]. The yield stress is close to ry  500 MPa with the failure stress of
rfailure P 1 GPa. Such behaviour was modelled using the Johnson Cook constitutive relation which takes into
account strain-rate sensitivity, strain hardening, and thermal softening. This model is frequently used to sim-
ulate dynamic processes such as perforation. The equivalent Huber Misses stress,r, is defined as follows:
rðep; _ep; T Þ ¼ ½C1 þ C2ðepÞn  1þ C3 ln
_ep
_e0
  
 ½1 T m ð1Þ
 ðT  T 0Þ ð2Þ
e hardening exponent, C3 is the
is the reference strain rate and
rent temperature, T0 is the room
d in Table 1 [13,14,33].
Eq. (3), it allows for taking into
diabatic conditions. The temper-
nstability followed by a complete
rforation at high impact velocity
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where C1 is the quasi-static yield stress, C2 is a hardening constant, n is th
strain-rate sensitivity, and m is the temperature sensitivity parameter; _e0
T* (T  T0)/(Tm  T0) is the homologous temperature, where T is the cur
temperature and Tm is the melting temperature. These constants are reporte
In addition, this constitutive relation is coupled with the heat equation,
account the temperature increase DT during plastic deformation ep under a
ature increase induces a thermal softening of the material leading to plastic i
failure [20,30,35]. A typical process of plastic instability appearing during pe
is petalling. This process is commonly observed when hemispherical, ogival or conical projectiles strike thin
plates [13,16 20]. Therefore the adiabatic temperature increase must be introduced during dynamic processes
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Fig. 1. (a) Projectile as a base in ballistic application, 0.5 NATO, (b) experimental arrangement
such as perforation. The temperature increase induces thermal softening of the material deformed at high
strain rates, Eq. (3). The adiabatic increase of temperature is given by
DT ðep; _ep; T 0Þ ¼ bqCp
Z ep
ee
rðep; _ep; T Þdep ð3Þ
where b is the Taylor Quinney coefficient, which defines the part of the plastic work converted into heat. Gen-
erally, the value of b for steel is assumed constant, b 0.9 [36], q is the density of the material, and Cp is the
specific heat at constant pressure.
The temperature and strain-rate sensitivity of Weldox 460 E steel predicted by Eq. (1) are shown in the fol-
lowing plots, Fig. 2a and b, for the equivalent strain ep ¼ 0:1.
For a correct simulation of impact problems, a failure criterion must be used. In the present case, the John-
son Cook failure criterion [32], which is pre-implemented in ABAQUS/Explicit has been used. This criterion
is an extension of the formulation proposed by Hancock and Mackenzie [37]. The formulation of the failure-
criterion includes strain ep, strain rate _ep, and temperature T. The failure of material is assumed when the dam-
age parameter D exceeds unity. The D parameter is summed over all increments of plastic deformation. The
explicit evolution of D is given by
Dðep; _ep; T ; rÞ ¼
X Dep
epf ð_ep; T ; rÞ
 
ð4Þ
where Dep is an increment of accumulated equivalent plastic strain that occurs during an integration cycle and
epf is the effective failure strain.
The effective plastic strain at failure epf is assumed to depend on the non-dimensional plastic strain rate
_p 
h is the hydrostatic pressure, and
rature T*, as defined previously.
wing expression
Table 1
Constants used to define the thermoviscoplastic behaviour of Weldox 460 E steel [13,14,33]
Elasticity
E (GPa) m ( )
200 0.33
Thermoviscoplastic behaviour
C1 (MPa) C2 (MPa) n ( ) _e0 (s
1) C3 ( ) m ( )
490 807 0.73 5  10 4 0.012 0.94
Other physical constants
q (kg/m3) b ( ) q (J/kg K) Tm (K)
7850 0.9 452 1800
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r is the equivalent stress, it depends also on the non-dimensional tempe
The relation epf ¼ f ðr; _ep; T Þ is assumed to be separable and takes the folloð5Þe
p
f ¼ ½D1 þ D2 expðD3rÞ 1þ D4 ln e
p
e0
 	h i
½1þ D5T 
 1
8<
:lues used for the material consid-
ivalent plastic strain ep calculated
ge of Weldox are shown in Fig. 3.
rial considered in this study. The
into account a temperature effect,
ntly used for impact applications
eletion appears when D 1 [38].
one must be defined with a larger ¼
3r ðr1 þ r2 þ r3Þ
where Di are the failure constants, depending on the materials used. The va
ered [13,14,33] are listed in Table 2. The failure criterion is based on an equ
for each integration point, allowing the elements to be eroded.
The relations of the failure-strain epf with the strain rate describing dama
The strain rate only slightly reduces the level of failure-strain for the mate
constants which define the failure model were determined without taking
D5 0, Table 2.
This kind of fracture criterion based on effective failure-strain is freque
[11 13,20]. The criterion is an erosive type and an instantaneous element d
When this kind of failure model is applied, the mesh used in the damage z4
density, in order to not affect the numerical results in terms of energy lost. An alternative solution, which is not
considered here, is the approach by the failure strain along with the use a cohesive element allowing to prop-
agate failure process [39,40]. However, this technique is well suited for brittle materials and not for a ductile
behaviour.
3. Numerical configuration
The FE code used in this study to perform the numerical simulations is ABAQUS/Explicit, allowing
efficient reproduction of the dynamic loading processes as impact events, for example [11 13,41,42]. The
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Fig. 2. Temperature (a) and strain rate sensitivity (b) for Weldox 460 E steel for ep 0:1, Eq. (1).
Table 2
Constants defining the failure model [13,14,33]
Fracture criterion constants
D1 D2 D3 D4 D5
0.0705 1.732 0.54 0.0123 0
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numerical configuration is based on the experimental arrangement by Borvik et al. [9], where a circular
clamped plate receives perpendicular impact by a conical non-deformable projectile launched in a wide range
of impact velocities. An axi-symmetric configuration has been used to reproduce these experiments [10 14],
Fig. 4. Several projectile shapes have been used for the same plate configuration. The friction coefficient used
during numerical simulations is l 0.1. The dynamic friction has been studied and reported in [13,20]. In the
present paper, some comments are also addressed as to the temperature increase during complete perforation.
3.1. Projectile characterization
The projectile is defined as a rigid body in ABAQUS notation [38], allowing an appreciable reduction in
calculation time. This definition is in agreement with the mechanical properties of the projectiles defined in
[9]. In the experimental study reported in [9], the projectiles after machining were oil quenched to reach the
HRC of Rc 53 (ry  1900 MPa). This operation allowed for reduction of the plastic deformation and
erosive process of the projectile during perforation. The projectiles used during numerical simulations are
shown in Fig. 5. The projectile mass: Mp 0.2 kg and the nose angle H 18.5 are the same in all numerical
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Fig. 3. Failure strain versus stress triaxiality for Weldox 460 E steel, Eq. (5).
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Minimum element size: 
0.2x0.2 mm2 Element size increasing
Target thickness 
h = 12 mm 6Fig. 4. Axi symmetric mesh configuration used.
simulations. The projectile diameters Dp, were changed from Dp 25 mm to Dp 10 mm with an interval
decrease of 5 mm between each configuration.
The modification of the projectile calibre, Fig. 6a, induces a change in the nose area Ac, which is defined for
different configurations by Eq. (6)
Ac ¼
p  D2p
4  sinH ð6Þ
The evolution of the nose area with the projectile nose length l is shown in Fig. 6b. Thus, the projectile nose
surface Ac in contact during the perforation process increases to the second power with l, Fig. 6b.
3.2. Target
The target thickness and the target diameter are assumed respectively as h 12 mm and d 500 mm. The
plate has been meshed with CAX4R elements available in ABAQUS-Explicit. The zone affected by the
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perforation process was meshed with smaller-size elements 0.2  0.2 mm2, Fig. 4. This element size has been
previously used by Arias et al. [13] for the same configuration. The ratio of the elements employed, 1:1, sat-
isfies the conditions introduced by Zukas and Scheffler [43].
3.3. Adaptive meshing
Gupta et al. [11,12] and Arias et al. [13] describe an advantage of using the adaptive meshing algorithm
available in ABAQUS/Explicit for analyses of plate-impact events. This approach minimizes the problem of
element distortion frequently appearing under dynamic loading. The scheme of the adaptive mesh available
in ABAQUS combines the features of pure Lagrangian and pure Eulerian analyses, in which the mesh is
fixed spatially and the material flows through the mesh. The implementation of this algorithm allows for
obtaining a high mesh quality during the complete time of calculation. In an adaptive mesh increment, a
new smoother mesh is created by sweeping iteratively over the adaptive mesh domain. During each mesh
sweep, nodes in the domain are relocated based on the current positions of neighbouring nodes and elements
to reduce element distortion [38]. In a typical sweep, a node is moved as a fraction of the characteristic length
of any element surrounding the node. Values between 30 and 60 mesh sweeps were used during numerical
simulations.
Therefore this technique makes it possible to maintain the element-aspect ratio approximately constant
during simulation, and the angle between the neighbouring elements remains consistently close to its original
value, Fig. 7. This technique facilitates the interpolation necessary to determine the output field variables,
thereby reducing the time of calculation.
Two different zones of the target mesh during perforation are shown, Fig. 7. These parts refer to the
target zones strongly affected by plastic strain gradients and are therefore susceptible to have an
main close to their original size
elements eroded during the pen-
errors in estimating the residual
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for both situations. Moreover, the ALE approach reduces the number of
etration process. Thus, the energy balance is preserved, notably reducing
velocity.
 0.2 mm 
 0.2 mm 
0º 
 0.2 mm 
 
m 
≈
≈
≈ 9
 90º
 0.2 m
Mesh detail V
Projectile
Large mesh density 
Target 
Mesh detail 
Example of 
extra – erosion 
due to element 
deletion
≈
≈
≈Fig. 7. Advantage of ALE scheme using erosive configuration.
8
3.4. Model validation
The numerical configuration used has been previously applied in [13] and validated by experimental data
reported in [9] to reproduce the penetration process by different nose shapes: cylindrical, hemispherical and
conical. In this previous work [13], the failure modes associated with each projectile nose shape, included con-
ical configuration were successfully verified. In the present work, the same Weldox steel plate has been
assumed (h 12 mm) and the same mass Mp 0.2 kg. for the conical projectiles is assumed. During the
numerical simulations the mass of projectile was always assumed the same independently of the projectile
shape.
Figs. 8 and 9 show the data plot of residual velocity Vr versus failure time tf obtained during numerical
simulations and compared with experiment reported in [9]. The failure time is defined as the time to perforate
completely the target. However, for low impact velocity, the failure time is defined using the maximum force
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level [20]. Numerical estimations are in agreement with experimental results with maximum difference of 10%.
A similar scatter is frequently reported as for example in [9,11 13]. The slightly larger values found by numer-
ical simulations are certainly due to the definition of the projectile as rigid body. This assumption prevents the
energy absorption by the projectile during penetration. In several works [44,45] the projectile behaviour is
commonly defined as simply elastic or elastic perfectly plastic without using a failure criterion. In present case,
the definition of rigid body changes the numerical predictions concerning the residual velocity. In the range of
V0 > 400 m/s it would be expected that the projectile would be deformed plastically during perforation [46,47].
However, the absence of experimental data for this range of impact velocity, V0P 400, does not permit to
carry out a precise analysis concerning such possibility.
Moreover, projectile deviation from the axis at high impact velocity has not been observed since this effect
appears at very high impact velocity, usually higher than 1000 m/s as it was recently reported by [48]. At very
high impact velocity, due to projectile deviation a cavity expansion process appears due to inertia effect. This
effect changes for example the shape of hole after complete perforation process. In the following section a
complete analysis is offered with different projectile diameters Dp by assumption of a constant initial kinetic
energy Kp.
4. Analysis
Greater projectile calibre induces a larger plastic zone directly affected by impact. At the same time, the
projectile-nose surface area in contact with the plate during perforation increases. These effects increase the
resistance of the plate to perforation. Thus, the first target in the analysis is to compare the force of perforation
for a fixed impact velocity, V0 500 m/s, Fig. 10. This comparison reveals how the force of perforation aug-
ments with the projectile calibre. It is observed that the force increases with time, defined as the slope a, is a
ce stage, Fig. 10. The parameter a
ith the projectile calibre, Fig. 11.
ð7Þ
y when the initial impact velocity
0 > 1 for all projectiles and initial
0.00035
el
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depends on the impact velocity.
In conclusion, the energy lost by the projectile, DKp, Eq. (7), increases w
DKp ¼ 1
2
Mp  ðV 2r  V 20Þ
For the projectile configurations considered the plate absorbs less energ
increases, Fig. 11. This trend can be also observed in Fig. 12, where oVr/oV
impact velocities analysed.
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However, for initial impact velocities close to V0 1000 m/s it has been observed that oVr/oVo 6 1. This
behaviour is induced by the predominance of inertial effects when a certain level of impact velocity is reached
[20]. Thus, when cylindrical or hemispherical projectiles are used, the energy lost by the projectile increases
with impact velocity from the ballistic limit velocity value [9,13,20]. In this case inertial effects are relevant
for the whole range of impact velocity due to plug ejection as final stage of the perforation process.
In Fig. 13 the results are shown that the velocity lost by the projectile increases as a square root of the pro-
jectile diameter, ðV 0  V rÞ / D1=2p , or in other words, the velocity lost by the projectile is directly proportional
to the projectile-nose area, (V0  Vr) / Ac.
Therefore, the velocity lost by the projectile has been found constant per unit nose area for each initial
impact velocity. Thus, it is possible to establish a relation with the initial impact velocity as a power law,
Fig. 14. The result allows for estimating the residual velocity for any other initial impact velocity and projectile
diameter by using the projectile mass and nose angle considered in this work.
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In addition, it is interesting to evaluate the effect of the projectile calibre on the ballistic limit for each con-
figuration. Close to the ballistic limit condition, a strong gradient is found in terms of residual velocity with
projectile diameter increase. For example, for Dp 25 mm the velocity difference is from V0 315 m/s to
Vr 10 m/s and for Dp 10 mm from V0 135 m/s to Vr 10 m/s. Thus, the perforation process is more
efficient for small diameters since, as previously reported, less kinetic energy is lost. In this case the ballistic
limit is lower in comparison to projectiles of larger diameters (see Fig. 15).
The relationship between the projectile calibre and the ballistic limit is shown in Fig. 16, revealing that the
ballistic limit increases linearly with the projectile diameter, Vbl / Dp. Additionally, this relation has been also
numerically validated for projectile diameters Dp 30 mm and Dp 35 mm. Therefore, according to Eq. (6)
the ballistic limit evolves as a power law with the nose area: V 1=2bl / Ac.
The same conclusion about the ballistic limit evolution with projectile diameter can be obtained by a ana-
lytical approach by considering the ballistic limit condition shown in Fig. 17. It is possible then to define the
total amount of energy absorbed by the plate using the relation in the form of Eq. (8).
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DKp ¼ 1
2
Mp  V 2r þ DW ð8Þ
As reported in [20] the energy absorbed by the plate can be decomposed as follows
DW ¼ W p þ W f þ W tp ð9Þ
where, Wp is the plastic work, Wf is the friction work and Wtp is the kinetic energy transferred to the plate
representing the inertial effects. Specifying this expression for the ballistic limit condition the terms corre-
sponding toWf andWtp can be neglected in comparison withWp[20]. Thus, Eq. (9) can be rewritten as follows
DW ¼ W p ¼ 1
2
Mp  V 2bl ð10Þ
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In order to facilitate the analytical approach by neglecting the strain hardening and thermal effects [33], the
plastic work is defined in Eq. (11).
W pje;T ¼ V
Z emax
ee
rde ¼ r  p  D
2
p
4
 h  De / D2p ð11Þ
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where r is the flow stress allowing definition of the plastic behaviour without hardening. The material is simply
considered as perfectly plastic, since it is observed that in dynamic loading due to heat generation that the
hardening rate is close to zero. This formulation is based on a simple assumption considering a cylinder
600
700
800
900
Projectile nose
 passage
Projectile nose
 penetration
Temperature constant
Target
Projectile 
V
Final stage: complete 
perforation
Projectile 
Target
V
Perforation
process
e 
in
 th
e 
pl
at
e,
 T
m
ax
 (K
)
A. Rusinek et al. / Engineering Fracture Mechanics 75 (2008) 2946 2967 2961500
Weldox 460 E steel
h = 12 mm
V
0
=Ballistic limit
Temperature
increasing
 te
m
pe
ra
tu
r0
1000
2000
3000
4000
5000
0 0.0001 0.0002 0.0003 0.0004 0.0005
Time, t(s)
Projectile nose
 passage
Projectile nose
 perforation
Temperature increasing Temperature constant
Weldox 460 E steel
h = 12 mm
D
p
 = 20 mm
V
0
 = ballistic limit
Plastic work level constant
 after perforation process
300
400
0 0.0001 0.0002 0.0003 0.0004 0.0005
Time, t (s)
Dp = 25 mm 
Dp = 20 mm 
Dp = 15 mm 
Dp = 10 mm 
To
ta
l p
la
st
ic
 w
or
k 
in
 th
e 
pl
at
e,
 W
p 
(J
)
M
ax
im
um
Fig. 21. Temperature and plastic work evolution in time during perforation.
16
deformed plastically, Fig. 17. It is observed that the plastic work increases with the second power of diameter,
W p / D2p. This tendency is observed numerically as shown in Fig. 18.
By comparing Eqs. (10) and (11) the following relation is found, Eq. (12). It is observed that the ballistic
limit is proportional to the projectile diameter with a linear tendency.
1
2
Mp  V 2bl ¼ r  p 
D2p
4
 h  De ð12Þ
V bl ¼ Dp p
2
r
Mp
hDe
 1=2
ð13Þ
The simple analytic expression for the ballistic limit is therefore given by Eq. (13). Thus, it is confirmed
confirms the linear relation found numerically, Vbl / Dp.
Concerning plastic work, it is observed, Fig. 19, that an increase of the initial impact velocity reduces the
plastic zone due to fast damage localization [13,20].
In relation to the effect of the projectile calibre in terms of the level of plastic work, it is shown that large
projectile diameter induces a high plastic work, Fig. 19. This effect can be explained by the increase of the size
of the affected zone with the augment of the projectile calibre, Fig. 20. A larger bending effect is observed as
the projectile diameter increases, Fig. 20, inducing a higher dissipation of plastic work.
The nose-projectile shape has an effect on the temperature increase as it is reported for example in [9,13].
The main objective of this kind of analysis is to observe thermal softening effect responsible for apparition of
instabilities in the failure mode [20,49,50]. In the present case, the influence of conical projectile diameter on
the temperature increase has been considered using the same failure strain level. The analysis shows relevant
conclusions concerning the plastic strain field imposed into the plate. This was possible since in adiabatic con-
ditions the temperature increase is directly linked to plastic strain.
istinct phases can be defined: the
hile the second one refers to the
ig. 21) the temperature increases
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The plastic strain field induced in the plate strongly depends on the nose-projectile shape and the associated
failure mode [9,13]. However, in the present case, with a fixed nose shape, the plastic strain field is not strongly
affected by the nose area. In other words, in order to observe a variation of the plastic field in the plate for an
impact velocity imposed, the failure mode must be changed.
The maximum temperature reached is close to Tmax  750 K. This temperature agrees with the numerical
values reported in [10] for the same projectile-plate configuration. According to Fig. 2a such temperature
increase induces a considerable softening of the target material. A precise analysis concerning the thermal
effect in formation of petalling, when mild steel plates are subjected to perpendicular impact by hemispherical
projectiles, can be found in [20].
A decrease of the estimated temperature can be noted for Dp 10 mm, Fig. 22. This effect is due to element
erosion during perforation time. In fact, during an early perforation time, the temperature increases strongly
in some elements due to excessive plastic deformation. Afterwards, when the failure criterion is reached, the
elements are deleted, and the maximum local plastic deformation level observed in the plate is reduced. By
applying of failure criterion a decrease of temperature is observed after deletion of first elements. However,
for every case considered the average value of the maximum temperature is limited to 705 K < Tmax < 755 K.
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Fig. 23 shows temperature level evolution with time for different friction coefficients, from l 0 to l 0.2.
The friction effect is more important during the pre-perforation. Thus, for t 4.5  10 5 s, DTfriction
jl=0.2  100 C, but this difference diminishes close to the end of perforation process (t 10 4 s), Fig. 23a.
This effect is more important for initial impact velocity V0 lower than the ballistic limit as it is shown in
Fig. 23b.
The temperature contours at V0 200 m/s (lower value than the ballistic limit) and V0 600 m/s (higher
velocity than the ballistic limit) are shown in Figs. 24 and 25. At high initial impact velocity, V0 600 m/s, the
heat affected zone, HAZ, is approximately the same for l 0 and l 0.2, Fig. 24a and b. This can be
concluded from the similar plastic work values found for both cases, Fig. 24c. The reduction of the residual
velocity caused by l 0.2 and l 0 is approximately DV 10 m/s.
As shown in Fig. 25, the heat affected zone varies with value of the friction coefficient for velocities lower
than the ballistic limit (V0 200 m/s). For l 0 this zone is larger in comparison with the HAZ for l 0.2.
The maximum temperatures are higher in the case of l 0.2, Fig. 23b. For l 0 the projectile penetrates
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more deeply into the target, inducing greater plastic work, Fig. 25, and causing bending effect, and therefore
increasing the HAZ, Fig. 25.
It is therefore observed that friction changes the results only for velocities below the ballistic limit, Fig. 25,
since the process is governed by plastic deformation. At higher velocities, due to fast perforation, the time is
too short to increase the temperature level.
5. Conclusions
In this work, ABAQUS/Explicit has been applied to simulate the normal impact of conical projectiles on
Weldox 460 E steel plate. The results obtained from the numerical simulations agree well with the experimen-
tal data available in the literature. The adaptive mesh algorithm available in numerical code has been found to
be a useful tool in order to avoid the element-distortion problems frequently observed during the penetration
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process. The implementation of this algorithm allows for obtaining a high mesh quality during calculation in
all time.
The analysis carried out has permitted to observe that ballistic limit is linear with projectile diameter and
therefore proportional to the second power of the nose area, V bl / Dp / A2c . Moreover, the velocity lost by the
projectile per unit nose area is constant for each initial impact velocity and the evolution of this velocity loss
can be approximated by a power law. Thus, it is possible to predict the residual velocity for any other impact
velocity and diameter of conical projectile not taken into account in this work.
It is found that the plastic work during penetration diminishes with the initial impact velocity V0, due to
fast damage localization. The larger the projectile calibre the greater the plastic work is generated in the plate.
This is a consequence of the increase of the plastically deformed zone. In addition, the maximum temperature
found do not depend on the projectile diameter. This effect demonstrates that for the same nose shape and
failure mode, different nose areas do not induce a strong difference in the plastic field distribution. The friction
affects the temperature estimations. The maximum values are reached with the highest coefficients of friction.
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